In 2015, the Zika arbovirus (ZIKV) began circulating in the Americas, rapidly expanding its global geographic range in explosive outbreaks.
ZIKV disease is usually asymptomatic, and is typically mild even upon clinical presentation, with symptoms similar to that of dengue virus (DENV) and chikungunya virus (CHIKV) infection [1, 4, 5] . However, particular sets of clinical diagnostic criteria have been successfully employed, for example in Brazil [6] and Colombia [7] , to successfully differentiate patients with ZIKV infections from DENV and CHIKV infections [6] . ZIKV disease has been linked to an apparent increased risk of the neurological disorder Guillain-Barré syndrome, and also to neonate microcephaly [4] . The latter is of particular concern, because pregnant women may not know they have been infected, and the damage to their unborn infants may result in subsequent lifelong disabilities. In addition, there is evidence that there is also a direct human sexual transmission component to the disease, although it is unclear how significant a factor this aspect is in overall transmission in Aedes aegypti infested areas [8] . Quantification of the role of ZIKV sexual transmission is crucial to the assessment of the relative efficacy of avoidance of sexual contact in case reduction.
There is currently no vaccine or specific treatment for ZIKV infection [8] , leaving control of the vector populations, use of mosquito repellents, and avoidance of sexual contact as the only means to control the spread of the disease.
Critical to the assessment of outbreak risk, and to the design, development, and evaluation of control strategies, are mathematical models that simulate the underlying dynamics of the transmission of a disease within a population [9] . A particularly important quantity in infectious disease epidemiology that can be estimated with such models is the basic reproduction number, R0, which is the average number of secondary cases produced in a completely naïve population by the introduction of a single infectious individual [9, 10] . Very few estimates of the R0 of ZIKV disease have been published in the literature at the time of this writing (September, 2016), likely largely due to the surveillance challenges posed by this oftenasymptomatic disease in countries with limited human and capital resources for surveillance.
Here we examine the outbreak of ZIKV that began in 2015 in Barranquilla, Colombia. Barranquilla is the major Colombian port city on the Caribbean coast, with a population of 1.4 million [11] . It is a center of development in Colombia, and in recent years has experienced a rapid expansion of urbanization [11] . It has a tropical savannah climate, with an average daytime temperature of 32 • C year round, with day/night average of 28.4 • C. Wet seasons occur from April to June and August to November, with a yearly average precipitation of just over 800 mm, providing an ideal habitat for the Aedes aegypti mosquito [12] .
The public health department of the city has had a long-standing program of surveillance of arboviral diseases in both the human and vector populations; the dengue viruses have been endemic in the city for many years, with three serotypes co-circulating prior to 2007 (DENV-1, -2 and -4), and all four DENV serotypes circulating since then [13, 14] . Since 2014, chikungunya virus also emerged in a major outbreak in Barranquilla, and affected a large fraction of the population [15] .
In this work we used syndromic surveillance data, and examined the clinically identified cases of ZIKV in Barranquilla from the beginning of October to the end of December, 2015. We employed a mathematical model for vectorborne disease transmission with additional direct sexual transmission to assess the reproduction number, R0, for ZIKV disease spread, by fitting the parameters of the model to the initial exponential rise in cases. Given that sexual transmission alone has not resulted in sustained autochthonous transmission in areas free of the Aedes mosquito vector, we assume that the R0 corresponding to sexual transmission alone is less than 1. Based on this information, we used our model to assess the fraction of cases in Barranquilla generated by sexual transmission.
Methods and Materials

Data
The data used consisted of the daily incidence of ZIKV disease cases identified during 2015 in Barranquilla, Colombia, by the syndromic surveillance system of the Colombian National System for the Public Health (Sistema de Vigilancia en Salud Publica: SIVIGILA) [16] . Human ZIKV infections were clinically identified upon presentation at the multiple primary public health clinics within the city as distinct from those caused by DENV or CHIKV according to the National Health Institute national syndromic surveillance guidelines [7] , as were also successfully employed in Brazil [6] , and other countries (see, for instance, [17] ).
A total of n=1,470 cases were identified between the beginning of October and the end of December 2015. The gender and age demographics of those cases are shown in Table 1 . The dates of initial symptoms were available for n=1,141 (78%) of these cases. The incidence data, aggregated by day of initial symptoms, are shown in Figure 1 .
Of the n=1,470 cases identified in Barranquilla up to the end of December 2015, 3% occurred in pregnant women. Because concern over fetal birth defects may have prompted women to seek testing for ZIKV when they otherwise would not, there was the potential for surveillance bias. In the following, we thus determine the exponential rise in cases including pregnant women, and crosscheck the analysis by excluding pregnant women. Age 65 and over 48 (3%) Figure 1 . The time series of clinically identified Zika virus disease cases in Barranquilla, Colombia, with the best-fit exponential curves to the initial rise overlaid.
Statistical methods for fitting the exponential rise in incidence
In the early stages of an infectious disease outbreak, the number of incident cases grows exponentially in time as the effect of the increasing incidence on the depletion of the susceptible population remains small [18] .
We employed maximum likelihood methods to fit an exponential curve to the initial rise in daily ZIKV incidence data, by date of initial symptoms, to determine the initial exponential growth rate, ρ, using a Negative Binomial likelihood to account for over-dispersion in the data [19, 20] . Using the methods described in Chowell et al. (2012) [19] , we determined that the exponential rise in cases occurred up to approximately the end of November, 2015 (n=359).
Surveillance during that period by the SIVIGILA system was constant, and no unusual vector control measures were implemented during that time.
We crosschecked the robustness of the fit assumptions by fitting to the initial rise only during the month of October, and again for the month of November. If the rate of exponential rise was constant (as it should be when surveillance is constant and no unusual vector control measures are taken in the initial phase of the outbreak), the two fits should yield statistically consistent results [21] .
Estimation of the reproduction number
ZIKV is a mosquito-borne disease for which a susceptible mosquito vector species bites an infectious human, whereupon the virus replicates in the mosquito's mid gut, and then its salivary gland cells [22] . After several days (known as the "extrinsic incubation period") [23] , ZIKV can be found in the mosquito's saliva, which then can be transmitted to other humans that the infected mosquito bites [1] . A human, once bitten by an infected mosquito, incubates the virus for several days, whereupon they become infectious for a period of several more days [23] .
In addition to these dynamics, there is evidence that ZIKV can also be sexually transmitted [24] [25] [26] .
In this study, we employed a compartmental mathematical model to simulate these dynamics [27] . The compartmental flow diagram for this model is shown in Figure 2 , and the system of ordinary differential equations incorporating the dynamics of the model were described previously in Brauer et al. (2016) [27] : Table 2 .
The reproduction number of ZIKV due to vector-borne transmission alone is
and the reproduction number of ZIKV due to sexual (or other direct) transmission can equally reasonably be interpreted as R0 2 , rather than R0 [27] (albeit for the purposes of this paper, it does not matter which form we use). The form in Equation 2 is referred to as the "type reproduction number" and is the total number of secondary infections in humans originating from a human infection. In practice, we note that several past SEIR/SEI model estimates of the reproduction number for DENV, CHIKV, and ZIKV outbreaks have also used the formulation as we have it here [28] [29] [30] ; for consistency of comparison between our result and those estimates, we thus used the formulation as we have presented. But it must generally be kept in mind when comparing our results to those of other analyses that the explicit form of the reproduction number expression must be noted.
The expression relating the total reproduction number to the rate of exponential rise, ρ, and the R0 sex is, based on the results presented in Reference [27] ,
Thus, given the rate of exponential rise in cases, an estimate of the R0 of sexual transmission, and estimates of the latent and infectious periods and the mosquito lifespan, we can estimate the reproduction number. Currently, there is no estimate of R0 sex , however we assume from the lack of sustained ZIKV transmission in areas free of the Aedes vector that R0 sex <1.
We note here that ZIKV has a high rate of asymptomatic infection, thus the observed cases represent a small fraction of the true number [1, 4] . However, this scale factor does not change the rate of exponential rise in cases; thus estimation of the rate of exponential rise with only partial observation of cases is a robust means to estimate the reproduction number.
To estimate the probability distribution for R0, given probability distributions for R0 sex , ρ, κ, γ, η, and µ, we performed ten thousand Monte Carlo iterations, whereby we randomly sampled values of ρ and the model parameters from their probability distributions, and calculated the resulting estimate of R0 at each iteration using Equation 3 , and also the fraction of cases due to sexual transmission estimated from the numerical solution to Equations 1, both for the entire simulated epidemic curve, and also the exponential rise region, identified using the methods of Reference [19] . The serial interval of ZIKV is the sum of the incubation periods plus half the infectious periods, T = 1/κ + 1/η + 0.5/µ + 0.5/γ, as described in Reference [31] ; we thus used the constraint that the serial interval derived from the sampled parameters had to be within the observed serial interval of 10 to 23 days [23] . The resulting distribution of the estimates of R0 formed the estimate of the probability density for that quantity [32] .
We currently know that R0 sex <1, but do not know its value, thus the probability distribution used for R0 sex was Uniform(0,1). The probability distributions for κ, γ, η, and µ were derived from the ranges of the literature estimates for these quantities, assuming a Uniform probability distribution over the range. The estimates used to assess the range of the Uniform probability distributions for these parameters are shown in Table 2 . The probability distribution for the rate of exponential rise, ρ, was derived from the likelihood fit to the data, and was Normally distributed about the best-fit estimate. 
Estimation of the rate of initial exponential rise in cases
The results of the fit of an exponential rise to the daily incidence data of clinically identified ZIKV cases in Barranquilla from the beginning of October up to the end of November (n=359) are shown overlaid on the data in Figure 1 . The estimated rate of exponential rise was ρ = 0.076 days −1 , with 95% confidence interval [0.066, 0.087] days −1 .
We crosschecked our assumption of a constant rate of exponential rise in the initial data by fitting only up to the end of October (n=32), yielding ρ = 0.111 [0.060, 0.167] days −1 . We additionally fit to the data from the beginning to the end of November (n=327), yielding ρ = 0.071 [0.055, 0.089] days −1 . These two rates of rise were statistically consistent (χ 2 ν=1 test p = 0.15), thus the exponential rate of rise in ZIKV cases appeared to be consistent over the entire period from the beginning of October to the end of November. These two fits are also shown overlaid on the incidence data in Figure 1 .
Excluding pregnant women from the fit only excluded three cases up to the end of November, and resulted in negligible changes to the estimated exponential rise.
Estimation of the reproduction number
With the use of Equation [34] is the square root of the typereproduction number we use, thus the results in Reference [34] for R0 must be approximately squared for comparison to those of this analysis. However, due to the very large confidence interval on R0 estimated by Reference [34] , both the squared and un-squared values are in statistical agreement with our estimate.
We note here, as an aside, that the confidence interval for R0 estimated by
Reference [34] paradoxically includes values less than one, even though the estimates were obtained by fitting to data from three large epidemics, thus values of R0 less than 1 should have been impossible. SEIR/SEI model estimates for the R0 of DENV outbreaks generally fall between approximately 1.5 to 3 (see, for instance, References [28, 29] ), and around 4 for CHIKV outbreaks [30, 31] . The estimated R0 for the ZIKV outbreak in Barranquilla is similar to that of CHIKV outbreaks, but is larger than the estimates for DENV outbreaks, despite the fact that the vector species is the same for the diseases. This could be due to a variety of reasons, including a sexual transmission component to ZIKV [4, 24] , and/or partial prior immunity to DENV in hyperendemic areas, and/or shorter incubation periods for ZIKV in the vectors, and/or a longer infectious period in humans, or even increased susceptibility to infection.
It is important to note here that our estimate of the ZIKV R0 is model dependent, as indeed are all such estimates in the literature. However, for ease of comparison of results we have used a similar model to that employed to analyze the French Polynesia ZIKV outbreak [2] , DENV outbreaks [28, 29] , and a CHIKV outbreak [30] . While we have not explored other model formulations in this analysis, it would be easy to use our estimate of the exponential rise with other compartmental model formulations, and/or other model parameter values, in order to extract alternative estimates of R0.
Our model assumed homogeneity in contacts between members of the population, similar to other studies [34] . In reality, contacts between members in the population, especially sexual contacts, are generally highly networked and gender dependent. However, early in an epidemic during the exponential growth phase, the rate of exponential growth is driven largely by the R0 and serial interval of the disease [35, 36] , and it is only later in the epidemic that model mixing assumptions affect forecasts of the outbreak. Thus, despite the simplified assumptions of mixing in our model we can estimate the R0, but the model should not be used to estimate the final size of the epidemic, or to quantify the efficacy of control strategies, including those aimed at sexual transmission.
There is currently much uncertainty related to the epidemiological parameters of ZIKV infection, such as the human and mosquito latent periods, and R0 of sexual transmission, which are almost wholly responsible for the somewhat broad confidence interval on our estimate of R0. Further study will help to constrain these parameters, and allow for more precise estimates of the R0. Again, because we have provided our estimate of the exponential rise in cases for this outbreak, it would be easy in the future to re-calculate the R0 once these parameters are better known.
Our study is based on clinical syndromic surveillance data, similar to many other studies of arboviral outbreaks (for instance, References [15] [28, 29] ) , due to limited laboratory testing resources in developing countries where many of these outbreaks occur. ZIKV has similar symptoms to some of the symptoms seen in mild cases of DENV [6] , and further study is needed in the future to determine how potential misdiagnosis may affect apparent temporal dynamics in places where other arboviral diseases may be co-circulating [4] . However, it must be pointed out that initial studies indicate very low frequency of contamination by other arboviral infections in cases identified by ZIKV clinical surveillance in areas where DENV and CHIKV co-circulate [6, 17] .
Changes in human behavioral responses, including health-seeking behaviors, are always a potential confounder in quantitative studies of outbreaks of high profile newly emerging diseases when fear may be incited in the population (see, for example, References [37] [38] [39] ). However, the data we consider in this analysis in October and November 2015 are early in the outbreak, largely before significant international attention began to be paid to ZIKV and the birth defects and other disorders it can cause; we note here that the first epidemiological alert by the WHO and the Pan American Health
Organisation detailing a possible link between ZIKV infection and microcephaly was on November 17, 2015. 1 After the period considered during this study, there was a sharp increase in the number of cases identified in pregnant women, potentially indicating increasing concern in this group as time went on; during the month of December, 39 of the 782 (5%) identified cases with dates of initial symptoms were pregnant females, which is not statistically consistent with the 3 of the 359 (1%) cases considered during October and November (χ 2 ν=1 p<0.001).
In addition, the fraction of cases involving pregnant women during October and November 2015 was statistically consistent with the crude birth rate in Colombia (16/1,000 2 ), indicating no apparent heightened concern in that group during that period.
Sexual transmission has been noted to play a role in ZIKV transmission [8] , but the relative contribution of sexual transmission cannot be determined based on exponential rise in incidence alone unless further information is known.
In this case, we use the fact that sustained transmission in areas without Aedes mosquitoes has not been observed, thus the R0 of sexual or other direct transmission must be less than 1. Our estimated percentage of cases due to sexual transmission when Aedes mosquitoes are also present may be as high as 47%, with 95% confidence,. As such, safe sexual practices may significantly reduce incidence.
Conclusions
ZIKV has spread explosively in the Americas in recent months. Here we employed an SEIR/SEI mathematical model of the spread of vector-borne disease with additional sexual transmission to estimate the basic reproduction number, R0, of the ZIKV outbreak that began in October 2015, in Barranquilla, Colombia. We estimated the R0 to be R0=3.8 with 95% CI [2.4,5.6] , and a one standard deviation uncertainty of 0.8. This is among the first estimates of the R0 of a ZIKV outbreak in the Americas, and is important to assessment of outbreak risk in new areas. Our modeling analysis estimates that up to 47% of ZIKV cases in Barranquilla, with 95% confidence, may have been due to sexual contact alone. Thus safe sexual practices may significantly reduce incidence during ZIKV outbreaks in tropical and semi-tropical areas.
